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ABSTRACT: 
Climate conditions in the Weddell Sea during the Pleistocene can be inferred by examining the 
abundance of foraminifer species and mineral fragments in ocean sediment cores. In particular, 
Neogloboquadrina incompta is a useful temperature proxy, and the abundance of terrigenous 
sediments is an indication of ice rafting. Using percent abundances enables correlation with other 
climate studies and with a global δ18O isotope stack. The proxies examined indicate at least four 
oscillations between cold and warm conditions related to global glacial and interglacial stages 
between 950 and 450 kya, with associated shifts in sea ice extent and deep-water formation. 
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INTRODUCTION: 
 The Pleistocene was characterized by global climate oscillations resulting in glacial and 
interglacial intervals that saw the cyclic growth and retreat of continental ice sheets. The early 
Pleistocene experienced glaciations at a periodicity of 41,000 years, driven by variations in 
Earth’s obliquity. Approximately 800,000 years ago, during the Mid-Pleistocene Transition 
(MPT), major glaciations appear to have changed from a 41,000-year period to a 100,000-year 
period, corresponding to variations in Earth’s eccentricity (Raymo and Huybers, 2008). The 
reasons for this shift are unclear, particularly given that Earth’s eccentricity is the weakest orbital 
parameter driving insolation changes and that the mid-Pleistocene change in periodicity was not 
correlated with any clear change in insolation (Clark, 2012). Kemp et al. (2010) suggest that 
lower southern insolation maxima brought on by a precession minimum may have prompted 
increased global cooling upon crossing a certain temperature threshold, which in turn suppressed 
deep-water formation in the Southern Ocean and disrupted thermohaline circulation. Pena and 
Goldstein (2014) examine the possibility of thermohaline circulation as a driver for temperature 
changes, linking thermohaline circulation to the draw-down of CO2 from the atmosphere and its 
storage in deep water masses. Ruddiman (2014) puts forward the idea that the 41-kyr obliquity 
cycle remained dominant in the later Pleistocene, but that global cooling restricted interglacials 
to only the strongest insolation maxima, and lesser maxima were insufficient to induce melting. 
Despite multiple different hypotheses to explain the shift in glacial-interglacial periodicity at the 
MPT, the exact mechanism is still uncertain and a topic of ongoing research. 
 Foraminifera and ice-rafted debris (IRD) are important proxies for addressing this 
problem because of the environmental requirements necessary for their appearance in oceanic 
sediments. IRD indicates terrestrial erosion along with ice sheets calving to release floes into the 
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water, and foraminifer species are often restricted to particular environments defined by 
temperature, salinity, and water depth (Bellier, 2010). Previous studies have proven that IRD is 
useful for indicating meltwater pulses from continental ice-sheets (Seidenkrantz et al., 2013) and 
glacial terminations (Diekmann and Kuhn, 1999), while other studies have been successful in 
using planktonic foraminifer assemblages to trace climate change through changes in surface 
water conditions (Ufkes and Kroon, 2012). Following these general rules and methods, it is 
possible to infer climatic information from the prevalence of different foraminifer species and the 
quantity of IRD in oceanic sediments, and this study uses such guidelines in analysis of a 
Pleistocene sediment core. 
 The site examined is located in the southeastern Weddell Sea, off the coast of Antarctica, 
an area that has received little previous attention (Fig. 1). While many studies have focused on 
ice extent and climate change in the Arctic, far fewer have explored the high latitudes of the 
southern hemisphere, meaning that there is a greater understanding of the Greenland ice sheet 
and Arctic sea ice than there is of their Antarctic counterparts (Teitler et al., 2010). In particular, 
it is unclear how sensitive Antarctic ice sheets are to climatic drivers such as changes in 
insolation (McKay et al., 2012) and greenhouse gas levels. Unlike Arctic sea ice, which has 
shown a steady decline in recent decades, Antarctic sea ice has fluctuated, and in some areas 
even experienced a modest increase (Scott, 2009). As a result, it is difficult to determine how 
changes in today’s climate may be affecting Antarctic sea ice and glaciers. 
 Poor understanding of the present is matched by uncertainties about the past. Some 
models propose that global temperature changes during the Pleistocene caused Arctic and 
Antarctic ice to follow similar progressions over time, while others theorize that ice extent and 
stability between the two hemispheres were out of phase due to differing insolation receipts 
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(Raymo and Huybers, 2008). McKay et al. (2012) observed some low-ice conditions in the 
Antarctic, corresponding to periods of high southern insolation, that were not quite in phase with 
northern-hemisphere interglacials, and research on the last deglaciation shows that warming may 
have begun earlier in the Antarctic than the Arctic (Shakun et al., 2012). However, there are other 
periods of time when northern glacial conditions appear to have resulted in similarly cooler and 
drier conditions in the southern hemisphere (Ruddiman, 2014). Such results indicate that the two 
hemispheres may show similar responses to climate forcings, but that those responses are not 
identical or entirely in phase. 
 One of the reasons for uncertainty in correlating northern and southern records lies in the 
fact that many paleoceanographic proxy records, such as Lisiecki and Raymo’s (2005) δ18O 
stack, are biased toward the Atlantic and eastern Pacific, with less attention given to the southern 
hemisphere and particularly the Southern Ocean (Elderfield et al., 2012). In general, less is 
known about the Southern Ocean than is known about equatorial and northern latitudes, as is 
evidenced by the location of past sediment core drilling sites (Fig. 2). Such biases in our 
understanding of global climate illustrate the need for further research in Antarctica and the 
Southern Ocean to gather data that could be correlated with Arctic records and to enable better 
understanding of the global climate system as a whole. 
 The Southern Ocean is particularly important because of its crucial role in global ocean 
thermohaline circulation. Deep water masses formed in the Southern Ocean underlie most of 
Earth’s oceans today, and changes in deep water formation in the Southern Ocean have effects on 
deep-ocean temperatures and the concentration of CO2 in the atmosphere, as CO2 is dissolved 
and transferred to the deep ocean (Jouzel et al., 2007). Previous studies of Pleistocene glacial and 
interglacial periods have shown that there are variations in deep-ocean circulation over time 
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(Elderfield et al. 2012).  In particular, glacial intervals show a stronger presence of southern-
sourced deep water, with a weakening in northern-sourced deep water supply, whereas 
interglacials show the converse (Mackensen et al., 2001). These changes in ocean circulation and 
the formation of deep water have the ability to impact the carbon cycle and the temperature of 
the world’s oceans, making the understanding of thermohaline circulation important to 
understanding global climate. 
 The aim of this study is to examine foraminifera and mineral assemblages over a 5-meter 
Pleistocene section of core to see how they reflect climate change over time. The data are 
expected to indicate sea surface temperature changes and ice cover in the Weddell Sea with 
periodicities potentially responding to insolation cycles. The hypothesis is that cooler intervals 
would see year-round sea ice coverage, which would restrict foraminifer populations and impede 
the movement and melting of ice floes, thereby reducing IRD. During warmer interglacial 
intervals the study site would harbor more life and contain IRD as a result of enhanced calving of 
glaciers emanating from the Antarctic ice sheet. 
 Some of the questions that this study seeks to explore are: 1) Does the sediment record 
reveal changes in Weddell Sea climate such as temperature and sea ice coverage? 2) How are 
such changes reflected in foraminifer and mineral assemblages? 3) How do results from this 
study compare to other global proxy records? 4) How might Antarctic response to climate 
changes differ from the response of the Arctic? 5) Is there any evidence of a change in deep-
water formation and circulation as suggested by hypotheses seeking to explain the MPT? 
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Figure 1. Location map of Antarctica, showing ODP Site 693A. Today, the site experiences 
seasonal sea-ice coverage during winter months, but is ice-free during the summer. The 
Weddell Sea is a also major location of bottom-water formation for the Southern Atlantic. 
The Weddell Sea’s importance in Antarctic sea-ice extent and bottom-water formation today 
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Figure 2. Map showing IODP core sites globally. Note the number of tropical and subtropical 
sites, and the scarcity of sites south of 60ºS. There are very few core sites in the Southern 
Ocean, despite the fact that Southern Ocean deepwater formation is important to global ocean 
thermohaline circulation. Site 693A is indicated by the blue star. 
(From http://iodp.tamu.edu/scienceops/maps.html)
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STUDY AREA: 
 This study examines sediments from the Weddell Sea, off the coast of Antarctica (Fig. 1). 
The sediments come from cores extracted in 1987 by Ocean Drilling Program (ODP) Leg 113, 
Site 693A (70º49.892’S, 14º34.410’W) in a water depth of 2359 meters, on a northwest-facing 
slope of the continental margin. Sedimentation rates were low during the Pleistocene, averaging 
approximately 1 cm/1000 yr (Barker and Kennet et al., 1988); Grobe and Mackensen (1992) 
calculated rates of 2.9 cm/1000 yr for interglacials and 0.3 cm/1000 yr for glacials. The Weddell 
Sea has an area of around 2.8 million km2 and experiences both permanent ice-cover at its 
southern end and seasonal sea ice elsewhere (WWF, 2015). 
 Today, sea ice fills the Weddell Sea each winter, while during most summers, Site 693A is 
free of sea ice, though the exact extent and location of the ice margin varies by year (Fig. 3). 
During the spring and summer, the sea supports a marine ecosystem of phytoplankton blooms 
that in turn acts as the base of the food web for zooplankton and for larger organisms such as 
fish, penguins, and cetaceans (WWF, 2015). The Weddell Sea is also the primary location of the 
production of Antarctic Bottom Water, a cold and high-density water mass that underlies much of 
the world’s oceans (Hogan, 2013). The similarity or lack thereof between today’s environment in 
the Weddell Sea and conditions during climate oscillations in the Pleistocene is one of the 
questions behind this study. The extent of sea ice could affect terrestrial and biogenic 
sedimentation processes as well as ocean circulation, making it an interesting point of study. 
During glacial intervals, it is possible that the site was covered by multi-year sea ice that would 
have prevented foraminifera populations and IRD deposition. 
!
  Page !  of !11 43
!
!  
  Page !  of !12 43
Figure 3.  Images from NASA’s Earth Observatory showing seasonal sea-ice extent around Antarctica, with 
September peak values and February minimum values. The yellow line shows median ice extent from 1979 to 
2000. The study site has been added, indicated by a red star. Most years, ODP Site 693A is free of sea-ice in 
the summer, though sea-ice remains in the southern Weddell Sea. (from http://earthobservatory.nasa.gov)
METHODS: 
 The data for this study come from sediment cores collected at ODP Site 693A. A 
Polarstern expedition collected a piston core at the same position, core PS1591, and data from 
analysis of that core (Grobe et al. 1990; Grobe and Mackensen 1992) have been used to 
supplement data from Site 693A. In an attempt to establish the approximate age and 
sedimentation rates, an age model by Grobe and Mackensen (1992) for PS1591 was applied to 
the sediments from Site 693A to determine the general age range of the sediments, correlating 
depths between the two cores. This is not an ideal correlation, particularly given that PS1591 was 
a piston core and 693A was a rotary-drilled core. For this study, the assumption was made that 
the estimated maximum and minimum ages at the base and top of the core would be sufficient to 
estimate a general age range for the sediments. This estimate was then used to match the data to 
the marine oxygen isotope stage curve of Lisiecki and Raymo (2005). From this, it was possible 
to estimate sedimentation rates. 
 Sediment samples used in this study were taken in 2013 and 2014 from cores 2R2 
through 2R5. At that time, cores were also scanned for whole core XRF measurements and 
magnetic susceptibility. High-resolution imaging with RGB data was also carried out. 
 Sediment samples were washed and sieved into >500 µm, 150-500 µm, 63-150 µm, and 
<63 µm fractions, and allowed to dry before being weighed. This study examines the contents of 
the 150-500 µm fraction with a focus on foraminifera. A total of 21 samples were studied, 
selected based on percentage of the coarse fraction (>150 µm) and XRF measurements of Ca/Fe, 
with a focus on intervals of high coarse fraction and Ca/Fe (Fig. 4). The densest sampling 
occurred between 7 and 8 meters below sea-floor (mbsf) due to the greatest amount of variability 
in this interval (Fig. 5). Each sample was split at least once, but may have been split as many as 
  Page !  of !13 43
four times to achieve a final weight between 0.02 g and 0.05 g prior to counting. The two 
smallest samples fall below this range at 0.017 g (from 6.83 mbsf), and at 0.005 g (from 5.00 
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Figure 4. Graphs used to assist in selecting samples for counting. The percent weight 
>150µm (top) includes sample locations, indicated in red. The most oscillations 
occurred between 7 to 8 mbsf, which was therefore selected for densest sampling. Also 
shown are the Si/Fe and Ca/Fe ratios from whole core XRF measurements. Note how 






 Analysis of each sample was performed by identifying and counting foraminifer 
specimens until a total of at least 500 individuals was reached. To help ensure representative 
sampling, the picking tray was divided into 45 equal squares, and a random number generator 
was used to select the order in which squares were examined. Upon reaching 500 individuals, the 
current square was completed. Four of the twenty-one samples fall well below the desired count 
of 500: 330 individuals (6.41 mbsf), 238 individuals (8.52 mbsf), 91 individuals (4.67 mbsf), and 
9 individuals (5.00 mbsf). In these cases, all foraminifera present in the sample were counted. 
The number of foraminifera per gram was estimated by calculating the approximate percentage 
of the sample counted to achieve 500 individuals (the number of squares on the picking tray that 
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Figure 5. ODP core 693A-2R-4, showing 48-71 cm, and 79-102 cm (7.48 to 8.02 mbsf). This 
section of core was the most densely sampled, due to the greatest variations in size of the 
150-500µm fraction. Red rectangles show the depths sampled and counted for this study.
were counted) and using that percentage to calculate the total number of foraminifera in the 
sample. This value could then be divided by the approximate weight counted, which was 
calculated using the total weight of the sample and dividing it by the number of splits performed. 
 The counting and picking were performed under a binocular dissecting microscope with 
magnification of 15 to 94.5x. Counted foraminifer specimens were placed on a slide and adhered 
with gum tragacanth to aid in accuracy of counts and to facilitate more detailed study as needed. 
Foraminifera identification was performed using a list of species found in sediments contained in 
the core catcher at nearby ODP Sites 690 and 689 on Maud Rise (Thomas, 1990). The primary 
categories of classification distinguished between Neogloboquadrina pachyderma (sinistral, 
which accounted for >90% of specimens) and Neogloboquadrina incompta (Fig. 6), benthic 
foraminifera (identified by test texture), foraminifer fragments (pieces too small to identify and 
consisting of at least two test chambers), and mineral grains (which were further divided into 
light and dark minerals). Any other items of interest, such as shell fragments, echinoderm spines, 
or rare foraminifer species, were noted. The numbers in all of these categories and their percent 
abundances constitute the majority of data for this study. 
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Figure 6. Images of foraminifera from Site 693A, showing Neogloboquadrina pachyderma 
sinistral (left) and Neogloboquadrina incompta (dextral). N. pachyderma is a polar species, 
while N. incompta is typically found in more temperate waters further north. As a result, N. 
incompta is being used as proxy for sea surface temperature.
RESULTS: 
CORE DESCRIPTION: 
 The core section examined in the present study extends from a depth of 4.67 meters 
below sea-floor (mbsf) to 9.36 mbsf, covering a total length of 4.69 meters and corresponding to 
sections of ODP Core 693A 2R2 through 2R5 (Fig. 7). The sediment is composed of silty and 
clayey mud, ranging from dark grayish brown to olive gray in color and containing foraminifera 
and scattered grains of sand (Barker and Kennet et al., 1988). Color changes appear to coincide 
with changes in the foraminifer content and occur in gradational shifts (Fig. 8). Several 
dropstones occur throughout the core section. 
!
!
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Figure 7. ODP core 693A-2R, which ranges in depth from 2.5 to 12.2 mbsf. The sediment is 
composed of silty and clayey mud, ranging from dark grayish brown to olive gray and 
containing both foraminifera and dropstones. This paper studies samples from lengths 2R2, 





Figure 8. ODP core 693A-2R-3, 44-61 cm. This image shows the transition from red clay to 
olive-gray silty clay, with a dropstone visible at 54 cm. The lower layer contains abundant 
foraminifera, some of which are visible. Such transitions occur throughout the core, with the 
clay-rich areas having smaller 150-500µm fractions and fewer foraminifera. The red box 
corresponds to one of the samples studied.
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FORAMINIFERA: 
 Of the foraminifera counted, 98.5% were planktic species and the remaining 1.5% were 
benthic species. The species Neogloboquadrina pachyderma (sinistral) was by far the most 
abundant, totaling 93% of the foraminifera counted. The other dominant planktic form was 
dextral Neogloboquadrina incompta (3.4%), which today is found in more temperate waters 
(Encyclopedia of Life, 2015). Comparing the abundance of these two species shows that the 
foraminiferal community changed over time, with some periods favoring N. incompta more than 
others (Fig. 9). The abundance of N. pachyderma ranged from 77.8% to 96.6%, with a standard 
deviation of 3.8% and an average of 92.1%. The abundance of N. incompta ranged from 0% to 
6.1%, with a standard deviation of 1.5% and an average of 3.2%. 
 Foraminifer abundance was determined by using an estimate of foraminifera per gram. 
The result shows that the number of foraminifera per gram ranged from a minimum of 1,682 
(5.00 mbsf) to a maximum of 84,400 (9.36 mbsf). While these are estimates, they show 
considerable variation through the core (Fig. 10). The standard deviation was 20,730 
foraminifera per gram, which is about a quarter of the total range. Benthic species abundance 
ranged from 0.20% (6.29 mbsf) to 11.11% (5.00 mbsf), with an average of 2.23% and a standard 
deviation of 2.60% (Fig. 9). 
 The total number of intact foraminifera was also compared to foraminifer fragments 
(composed of more than one test chamber) to study preservation (Fig. 9). The maximum ratio of 
complete forams to fragments was 3.8 and the minimum was 0.33, resulting in a tenfold 
difference from the best-preserved sample to the worst-preserved sample. The mean foraminifera 
to fragment ratio was 1.8 to 1, and there was a standard deviation of 0.90. There are three local 
maxima occurring at 6.29, 7.85, and 9.36 mbsf, and corresponding minima at 6.06, 7.19, and 
8.52 mbsf. 
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MINERAL FRAGMENTS: 
 Mineral fragments were counted and their abundance analyzed as a percentage of total 
grains counted, with total grains being the sum of whole foraminifera and minerals (Fig. 9). The 
highest percentage of mineral grains (96.7%, 5.00 mbsf) occurred in the smallest sample, and 
therefore may not be an accurate measure. The minimum value of 12.4% minerals (9.36 mbsf) 
occurred at the end of the core section studied. The average was 49.1%, with a standard deviation 
of 23.3%, indicating that there was considerable variability but that overall, the percentage of 
foraminifera and mineral grains was approximately equal. 
 The percentage abundance of dark minerals (i.e. biotite, hornblende, garnet, and pyrite) 
out of the total mineral grains counted varied from 7.3% (6.06 mbsf) to 32.6% (5.00 mbsf), with 
an average of 13.5% and a standard deviation of 6.8% (Fig. 9). The percentage abundance of 
light minerals is an inverse of this. Light minerals made up an average of 86.5% of the total 
mineral grains counted and were predominantly quartz. 
  
!
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Figure 9. Results of sample counting, according to depth (meters below sea floor). 
From top to bottom, % N. incompta, a temperature proxy with increased numbers of 
temperate-water N. incompta corresponding with warmer sea surface temperatures; 
% Mineral fragments, which provides information about terrigenous sediments and 
ice-rafted debris. Other graphs include % benthic foraminifera, foram-to-fragment 
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Figure 10. Comparison between temperature proxy (top) and foraminifera quantity, shown in 
the number of foraminifera per gram. The relationship between temperature and overall 


































AGE AND RESOLUTION: 
 According to the age model presented in Grobe and Mackensen (1992) for adjacent core 
PS1591, the sediments examined here, with a depth of 4.67 to 9.36 mbsf, should have ages 
ranging between approximately 450 ka and 1.5 Ma. Deeper than 8 mbsf, sedimentation rates 
were lower and resolution is therefore poorer. Additional age correlation can be gained from 
comparison with the global δ18O stack (Lisiecki and Raymo, 2005), placing the interval 4.5 to 
9.5 mbsf between approximately 450 to 950 kyr, potentially corresponding to marine isotope 
stages (MIS) 12 through 24 (Fig. 11). While the core contains data from throughout this time 
period, low sampling density enabled the identification of only some of the MIS stages. This 
would give the site an average sedimentation rate of approximately 1 cm/1000 years, which 
would give a maximum resolution of 3000 years between samples. However, the 52 cm between 
MIS 17 and MIS 19 (696 kya to 780 kya) corresponds to a sedimentation rate of approximately 
0.6 cm/1000 years, which would give a lower resolution. Different sedimentation rates are a 
product of both terrigenous and biogenic processes, so it could be expected that the greatest 
sedimentation rates occur in conditions favorable to foraminifera accumulation and increased 
IRD. 
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Figure 11. Correlation between this study (top) and the Lisiecki and Raymo (2005) global 
benthic 𝛿18O stack (bottom).  Marine isotope stages 11 through 27 are labeled on the 𝛿18O 
curve, with proposed corresponding points on the graph of % N. incompta.  The 𝛿18O from 
400 to 1000 kya were chosen for correlation based on estimated ages given by the Grobe et 
al. (1990) age model.
TEMPERATURE: 
 The percentage abundance of N. incompta was used as a temperature proxy, with greater 
numbers of N. incompta corresponding to warmer temperatures. Correlation is limited between 
this study and Grobe and Mackensen (1992), due to different coring methods and different 
sampling densities (Fig. 12). The δ18O and δ13C values suggest potential correlations at some of 
the maxima and minima, but precise interpretation is difficult. 
 According to this study, the % N. incompta indicates warm periods at 6.41, 7.40, 7.61, 
7.92, and 8.52 mbsf (Fig. 9). Given estimated sedimentation rates, the time interval between 6.41 
and 7.40 mbsf may correspond to a 100-ky cycle, consistent with late Pleistocene glacial/
interglacial periods. The oscillations between 7.40 and 7.92 mbsf are more difficult to 
understand, perhaps influenced by shorter-period orbital cycles such as obliquity or precession. 
Comparison with a global oxygen isotope stack (Fig. 11) reveals that these intervals may 
correspond to marine isotope stages (MIS) 17, 18, and 19 from 700-800 ka (Lisiecki and Raymo 
2005). This is a period shortly after the mid-Pleistocene transition, when glacial oscillations 
changed from a periodicity of 41 to 100 kyr. The N. incompta-identified warm intervals at 6.41, 
7.40, and 7.92 mbsf appear to correspond with minimum interglacial δ18O values of the Lisiecki-
Raymo stack (MIS 15, 17, 19), while cooler conditions between 7.67 and 7.52 correspond to the 
glacial MIS 18, and the coldest observed conditions (5.00 mbsf) correspond with the more severe 
glacial MIS 12. This shows that N. incompta is capable of demonstrating glacial-interglacial 
oscillations, even when sampling density is relatively poor. 
!
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Figure 12. Comparison with data from Grobe and Mackensen (1992), core PS1591-1, on the 
same position as ODP Site 693A. Top graph is % N. incompta (this study). Middle graph shows 
𝛿18O curve from PS1591, measured on planktic foraminifer N. pachyderma. Lower graph 
shows 𝛿13C curve from PS1591, measured on planktic foraminifer N. pachyderma. Enrichment 
in 13C is characteristic of influx of NADW into the southern ocean, present during interglacials.
TERRIGENOUS SEDIMENTATION: 
 The percentage abundance of mineral grains follows the same trend as N. incompta for 
some intervals, and deviates from that pattern in others, indicating that the relationship between 
terrigenous sedimentation and temperature may be complex.  Between 9.5 and 8.52 mbsf, the 
mineral abundance increases along with temperature (Fig. 9), but this finding must be viewed 
with caution due to the low density of sampling in this range. The change in mineral abundance 
also follows inferred warmth between 7.28 and 6.06 mbsf (Fig. 9). This corresponds well with a 
sedimentation model presented by Grobe and Mackensen (1992) in which increased warmth 
contributes to iceberg calving that carries sediment from the continental shelf out onto the slope. 
However, from 8.01 to 7.92 mbsf, declining IRD combined with rising N. incompta shows that 
mineral deposition decreases with increasing temperature. This inverse relationship could be a 
result of ice retreat further south, away from Site 693, indicating more significant sea-ice melting 
during this particular interglacial. 
 Elsewhere, the relationship between temperature and mineral deposition is more complex 
and does not align as clearly. Between 7.92 and 7.67 mbsf, temperature steadily declines, while 
the percentage of mineral grains fluctuates around a mean value of about 50%, showing no clear 
pattern (Fig. 9). During the glacial stage MIS 18 (7.67 to 7.52 mbsf), IRD shows a slight 
decrease before dropping to one of its minimum values of 24.4%. Despite temperature 
fluctuations observed in the δ18O record (Lisiecki and Raymo, 2005) and this core’s foraminifera 
assemblages (Fig. 9), MIS 18 is classified as a glacial period, and a decline in terrigenous 
sedimentation during a glacial period may be consistent with what is observed between 7.28 and 
6.06 mbsf. In such a model, cooler temperatures move the line of multi-year ice northward, 
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covering Site 693A throughout the year and preventing the seasonal melting that would deposit 
ice-rafted debris. 
 Some of the observations suggest that there is no straightforward relationship between 
IRD and temperature, but rather that the relationship is dependent on the degree of temperature 
change, which would determine ice extent. During peak interglacial warmth, for example, the 
amount of terrigenous material may decline because the ice is restricted to areas further south 
and inland, such that the IRD never reaches Site 693. During glacial periods, on the other hand, 
terrigenous sedimentation may decline because the ice around Site 693 is too stable to calve, 
melt, and deposit IRD. This hypothesis would suggest that the greatest periods of terrigenous 
sedimentation would occur during transitions between glacial and interglacial intervals, in which 
the ice is extensive enough to consistently reach Site 693, but not stable enough to resist melting. 
 The corresponding peak in warmth and peak in IRD seen at 6.41 mbsf (MIS 15) 
potentially contradicts this hypothesis, unless MIS 15 had a lesser impact on the Weddell Sea 
than did MIS 19, meaning that the sedimentation more closely resembled prior glacial-
interglacial transitions than a peak interglacial. This could be possible, given that many 
interglacial intervals prior to 400 ka were relatively cool compared to later interglacials, a 
notable exception being MIS 19, which was comparable to interglacial conditions today (Yin, 
2013). Further questions arise upon examination of the transition from MIS 18 to MIS 17 
between 7.52 and 7.28 mbsf (Fig. 9). This period encompasses a glacial-interglacial transition, 
followed by an interglacial-glacial transition. However, the percentage of mineral grains steadily 
rises throughout this interval. One explanation is that the glacial period MIS 18 renewed the 
supply of ice following depletion during MIS 19, and that the subsequent melting of this ice 
accelerated terrigenous deposition. Clearly, a better understanding of the effects of temperature 
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on Weddell Sea ice and its role in the deposition of mineral grains is needed to offer further 
interpretations of these data. 
 The percentage abundance of dark mineral fragments also has a complicated relationship 
with temperature, showing no clear trend. The percentage of dark minerals varies with time, but 
in no apparent pattern, largely oscillating around a mean value of 13.5 percent. This variation of 
dark minerals could be random, or it could potentially indicate a variation in IRD source area. 
One of the few correlations occurs during MIS 19 (7.92 mbsf), when peak warmth corresponds 
to a peak in dark minerals. It is possible that this unusually warm interglacial led to a shift in 
sediment transport that was reflected in a different mineral assemblage. 
 Current sediment transport of sand-sized grains is by ice-rafting, with sediment being 
carried from Eastern Antarctica (Diekman and Kuhn, 1999). Minerals at Site 693A are in a 
location that receives most of its terrigenous sedimentation from erosion of mafic rocks of Cape 
Norvegia and metamorphic rocks of Dronning Maud Land (Fig. 13). The sediment is eroded by 
continental ice sheets calving into the water north of Antarctica, and then carried westward by 
the surficial currents of the Weddell Sea Gyre. A change in the grounding line of terrestrial 
glaciers or the extent of sea ice could potentially affect these currents and the sediment supply to 
Site 693A, which in turn could affect mineral assemblages. 
!
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BOTTOM WATER CONDITIONS: 
 The data showing foraminifer test preservation (foram:fragment ratio) and the presence 
of benthic foraminifer species (% abundance) should provide some indication of bottom water 
conditions at the site. One interesting feature to note is that there seems to be an inverse 
relationship between foraminifer preservation and benthic species abundance. In periods where 
preservation is high, the number of benthic species is relatively low, while depths showing poor 
preservation contain a higher percentage of benthic species (Fig. 9). This relationship is one of 
the clearest evident in the data, and thus deserves some consideration. 
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Figure 13. IRD source and transport. Sand-sized sediment at Site 693A comes from erosion of 
mafic rocks of Cape Norvegia and metamorphic rocks of Dronning Maud Land. Terrestrial ice 
sheets erode mineral grains out to the ocean north of Antarctica, where the ice floes calve off 
and are carried westward in the currents of the Weddell Sea Gyre.
 Foraminifer preservation is linked to the weathering of tests—either by physical or 
chemical means. Physical weathering could be the result of abrasion by currents, while chemical 
dissolution in ocean water provides another mechanism of test deterioration and destruction. 
Carbon dioxide, which leads to calcium carbonate dissolution, is more soluble in cold waters and 
at high pressures than in warm waters and at low pressures. The carbon dioxide concentration of 
ocean bottom water masses should therefore be dependent on the water temperature and on the 
rates of carbon dioxide dissolution at the sea surface prior to the water mass sinking (Prothero 
and Schwab, 2014). 
 According to these ideas, one model proposed by the author to explain periods of good 
foraminifer preservation is a reduction in dissolved CO2 in deep water masses. This model is 
supported by the fact that periods of good preservation are associated with warmer intervals (Fig. 
9). During warmer interglacials, sea surface temperatures would not be as cold as during glacials 
and would not be able to dissolve as much CO2 prior to sinking and forming bottom-water 
masses. In addition, warmer surface temperatures and the melting of sea-ice would decrease the 
density of the surface water, inhibiting deep-water formation in the Weddell Sea. This model 
could potentially contradict a model proposed by Yin (2013) in which there was stronger 
Southern Ocean ventilation due to stronger winds during mid-Pleistocene interglacials. This was 
a result of high eccentricity modulating precession, creating larger latitudinal pressure gradients. 
It is also possible that different mechanisms operated in different areas of deep water formation.  
 The next question to consider is how foraminifer preservation is related to the abundance 
of benthic foraminifer species. Some of the spikes in benthic species abundance are due to an 
overall lower count of foraminifera (4.67 and 5.00 mbsf). However, apart from these 
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exceptionally small sample sizes (91 foraminifera and 9 foraminifera, respectively), the 
percentage abundance of benthic foraminifera seems to track closely with the number of benthic 
individuals counted. In particular, the peaks seen at 7.19 and 7.98 mbsf are peaks in benthic 
counts (with 19 and 18 individuals, respectively) as well as percentage abundances—and were 
the greatest numbers seen throughout the samples counted. 
 The abundance of benthic foraminifera is dependent upon adequate food supply and 
ample oxygen for survival. Most benthic foraminifera live just below the sediment-water 
interface, eating bacteria and detritus that settles through the water column from the photic zone 
(Bellier et al., 2010). The foraminifera’s ecosystem at the seafloor is therefore dependent on the 
productivity at the sea surface, and the presence of benthic foraminifer shells can act as a proxy 
for primary productivity (Herguera and Berger, 1991). A decrease in surface productivity or 
deep-water oxygen supply can lead to stress on benthic communities, and even extinction, as 
happened during the Mid-Pleistocene Transition upon changes in deep-ocean circulation 
(Hayward et al., 2007). A shortage in food supply seems somewhat unlikely in this study, given 
that during interglacial periods, there should have been sufficient warmth and light for planktic 
species to thrive—as is shown by the quantity of foraminifera per gram (Fig. 14). An abundant 
surface-water community should provide adequate nutrition to the seafloor as detritus settles 
through the water column. There does not seem to be a close relationship between the total 
foraminifer abundance and benthic species abundance, which means that primary productivity is 
likely not the determining factor of benthic foraminifer assemblages. 
 That leaves dissolved oxygen as a potential driver for benthic foraminifer population 
levels. Using benthic species abundance (Fig. 9) as a proxy for oxygenation, the assumption is 
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made that low-oxygen conditions are less hospitable for benthic foraminifera. Under this 
assumption, periods of lower deep-water oxygenation, manifested in lower benthic foraminifer 
counts, would be matched with periods of high planktic foraminifer preservation and high 
temperature, marked by high percentages of N. incompta and low fragment counts (Fig. 9). A 
possible model for this situation is a change in bottom-water production in which less oxygen 
and less carbon dioxide are fed into the deep ocean during interglaciations. This could be due to 
less mixing at the ocean-atmosphere interface, to warmer water that is less able to dissolve gases, 
or to a decrease in the rate of bottom-water formation in the eastern Weddell Sea. 
 Other studies have shown that glacial intervals saw a decrease in the production of 
northern-source deep water, such as North Atlantic Deep Water (Elderfield et al., 2012), so it is 
possible that climate changes could impact the southern deep water formation as well. Ocean 
thermohaline circulation is important to both the chemistry of deep-water masses and the 
redistribution of heat between the northern and southern hemispheres. Stronger temperature 
differences between the two hemispheres were observed during intervals of strong thermohaline 
circulation as southern heat was transported northward (Shakun et al., 2012). Such oscillations in 
heat differences between the two hemispheres are known at the bipolar see-saw, and they occur 
on millennial time-scales within glacial cycles, offering evidence that shifts in deep-water 
formation and thermohaline circulation are common in the geologic record. 
 A remaining possibility that must be considered is that benthic foraminifera are more 
resistant to dissolution thank planktic forms due to differences in test structure, and that the 
variations in benthic species abundance are due to preferential preservation under certain 
sedimentation conditions. 
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MARINE ISOTOPE STAGES: 
 Elderfield et al. (2012) identify three main climate states that occured between 900 and 
400 kya: moderate interglacials, mild glacials, and full glacials. Correlation with the Lisiecki and 
Raymo (2005) δ18O stack enables the association of certain sample depths with global marine 
isotope stages (Fig. 11). This makes it possible to examine whether there are certain 
sedimentation patterns tied to glacial and interglacial periods, and whether those can be 
adequately explained with current climate models. 
 MIS 12 (5.00 mbsf), ~433 ka: The sample at 5.00 mbsf contained an unusually small 
coarse fraction of only 0.005 g, and the split counted contained only 9 foraminifera, one of which 





























Figure 14. Graphs comparing the percent abundance of benthics to the overall quantity of 
foraminifera. These graphs examine the potential relationship between surface 
productivity and benthic foraminifera abundance, which is important because benthic 
species are dependent upon surface productivity as a nutrient source.
was a benthic species. There was also an unusually large portion of dark minerals (32.57%), 
many of which were pyrite grains. The identification of this sample as associated with MIS 12 
based on estimated sedimentation rates and the δ18O stack (Fig. 11) suggests that this sample was 
produced during a strong glacial period. Given that, and the characteristics of the sample’s 
foraminifera and mineral assemblage, it seems reasonable to conclude that Site 693A was 
covered with multi-year sea ice. A permanent ice cover would have prohibited terrigenous 
sedimentation and foraminifer habitation, leading to the unusually low deposition of coarse-
grained sediment. In addition, an abundance of pyrite grains in this sample suggests a period of 
oxygen depletion. Pyrite grains were rare throughout most of the core, but prominent at 5.00 
mbsf. The presence of pyrite and the low-oxygen conditions could be induced by a lack of 
bottom-water formation at the site. This could be supported by observations of Mackensen et al. 
(2001) that southern deep-water formation during glacial periods moved northward, out of areas 
like the Weddell Sea and to the northern edge of the sea-ice margin. 
 MIS 17 (7.40 mbsf), ~696 ka: This sample represents one of the moderate interglacials of 
the middle Pleistocene and contains 5.61% N. incompta and only 0.39% benthics, 29.27% 
mineral grains, and 11.68% dark mineral grains. The high percentage of N. incompta indicates 
warmer surface water conditions, as expected for an interglacial interval. The lower-than-average 
percentage of mineral grains indicates moderate IRD input, suggesting that perhaps winter sea-
ice supplied terrigenous sedimentation while the study site was ice-free and inhabited by a 
planktic foraminifera community during spring and summer. The low percentage of benthic 
species is indicative of poor bottom-water conditions—either a shortage of dissolved oxygen or 
nutrients or a high amount of dissolved CO2 that would promote dissolution. Given the relatively 
good preservation (with a foraminifera:fragment ratio of 1.57:1) the higher concentration of CO2 
seems unlikely. However, this result would disagree with a model proposed by Grobe and 
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Mackensen (1992) that predicted a higher carbonate compensation depth (CCD) and more 
dissolution during interglacials. Their model showed that periods of high surface productivity led 
to an influx in organic material, which in turn caused an increase in the water’s CO2 content as 
that organic matter was consumed and decayed. The difference in models could be explained by 
the fact that the Grobe and Mackensen (1992) model was tailored to suit MIS stages 1 through 
11, and may vary from the conditions of the middle Pleistocene. 
 MIS 19 (7.92 mbsf), ~780 ka: Other climate studies have shown that MIS 19 was 
unusually warm compared to other interglacials prior to the Mid-Bruhnes magnetic polarity 
reversal event, and is potentially comparable to modern interglacial conditions (Yin, 2013). This 
sample contains 6.08% N. incompta, 1.71% benthics, 45.49% mineral grains, and 20.27% dark 
minerals, with a 1.80:1 ratio of foraminifera to fragments. According to these data, MIS 19 
contained more benthic foraminifera, more mineral grains, and more dark minerals than the 
subsequent interglacial MIS 17. A greater amount of benthic foraminifera could be indicative of 
increased biological productivity in surface waters to supply detritus to the seafloor, or to bottom 
waters more conducive to CaCO3 preservation. The higher percentage of mineral grains and dark 
minerals is somewhat more difficult to explain. However, if MIS 19 is, in fact, similar to present-
day conditions, then there could have been similar cycles of seasonal sea-ice growth and retreat 
(Fig. 3). As a result, the site would have been ice-free during austral summer, enabling ice flows 
calved from the continent to deposit IRD at the site. In addition, warmer conditions may have 
enhanced the rate of ice flow and ice calving from the continent (Grobe and Mackensen, 1992), 
which could explain the increase in terrigenous material. The change in the percentage of dark 
minerals could indicate a possible change in sediment source area influenced by changes in ice 
or current flow, or the exposure of certain regions of erosion (Fig. 13). 
!
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FUTURE RESEARCH: 
 There are still many questions that remain unanswered about the data examined in this 
study and about Antarctic climate oscillations during the Pleistocene in general. Age control for 
most records is poor, making it difficult to determine whether northern and southern climate 
oscillations were precisely in phase, or whether they experienced differences in timing. Poor age 
control is due in part to a limited number of sample sites, and uncertainty about whether global 
climate records are biased toward the northern hemisphere. Currently, tuning to global isotope 
stacks is a common method of dating, which is not helping to clarify their applicability to 
Southern Ocean climate oscillations. The Grobe and Mackensen (1992) age model identified 
changes in lithology associated with glacial terminations—but that still leaves the question of 
whether such changes occurred simultaneously in the northern and southern hemispheres. Denser 
sampling intervals and continued study of Southern Ocean sediment cores might make it easier 
to establish better chronologies of events. 
 The implications for deep water formation in the Weddell Sea are still somewhat unclear 
even after this study, as there are several models proposed, and it is difficult to determine 
whether any of them best suits the data. It is also unclear why the abundance of dark minerals 
would change over time, and whether it is truly reflecting different source areas of terrestrial 
erosion, or is simply a result of smaller variations in sediment influx. One way of studying this 
would be to examine the heavy mineral assemblages, as in Diekmann and Kuhm (1999), to help 
identify which source area is providing terrigenous material, and what that could indicate about 
ice flow patterns and surface ocean currents. 
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 One of the questions asked by this study was whether N. incompta was a reliable 
temperature proxy, and this is still somewhat uncertain. Denser sampling intervals would make it 
clearer whether the trends observed and potential correlation to MIS stages are truly 
representative of the climate record in this area. Continued sampling and counting of intervals 
beyond the 7 to 8 mbsf range could be useful, particularly in identifying stages such as MIS 13, 
14, and 16, which lacked a clear signal in this study due to limited sampling. More sampling 
could also clarify whether there are characteristics that define glacial and interglacial intervals, or 
whether each event is truly unique in its sedimentation record in the Weddell Sea. 
  
!
  Page !  of !39 43
CONCLUSIONS: 
 The data indicate at least three transitions from glacial to interglacial conditions in the 
Antarctic, with two of those appearing to correspond to MIS stages 20 to 19, and 18 to 17. 
Warmer interglacial conditions are indicated by an increase in the foraminifer species N. 
incompta, and a change in bottom-water conditions evidenced by reduced benthic abundance and 
better foraminifer preservation. Different interglacial conditions show different sedimentation 
conditions, with the percentage of N. incompta being the greatest indication of sea surface 
warmth. The amount of IRD varies more unpredictably during interglacials, likely related to the 
precise conditions and locations of seasonal sea-ice, which is variable each year even today. The 
only full glacial identified in the sediment record examined was MIS 12 (5.00 mbsf) and is 
characterized by very limited coarse-grained sedimentation and pyrite grains. The glacial 
intervals MIS 18 and MIS 20 do not show such dramatic changes in sedimentation, and may 
represent the milder glacials identified by Elderfield et al. (2012). 
 The identification of glacial and interglacial climates and changing sedimentation 
conditions shows that this record has the potential to answer questions about Pleistocene climate 
oscillations in the Southern Ocean, which is an area in need of further study. The potential 
correlation to northern hemisphere glacial and interglacial stages illustrates that such climate 
changes may be expressed in the Antarctic through variations in sea ice coverage and bottom 
water formation. Understanding how global climate oscillations may differentially affect the 
northern and southern hemispheres is important to how we view sea ice conditions and ocean 
thermohaline circulation, and is a critical step in shifting focus away from the Arctic and toward 
a more global perspective.  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